Contactin-5 (Cntn5) is an immunoglobulin cell adhesion molecule that is exclusively expressed in the central nervous system. In view of its association with neurodevelopmental disorders, particularly autism spectrum disorder (ASD), this study focused on Cntn5-positive areas in the forebrain and aimed to explore the morphological and behavioral phenotypes of the Cntn5 null mutant (Cntn5 ¡/¡ ) mouse in relation to these areas and ASD symptomatology. A newly generated antibody enabled us to elaborately describe the spatial expression pattern of Cntn5 in P7 wild type (Cntn5 C/C ) mice. The Cntn5 expression pattern included strong expression in the cerebral cortex, hippocampus and mammillary bodies in addition to described previously brain nuclei of the auditory pathway and the dorsal thalamus. Thinning of the primary somatosensory (S1) cortex was found in Cntn5 ¡/¡ mice and ascribed to a misplacement of Cntn5-ablated cells. This phenotype was accompanied by a reduction in the barrel/septa ratio of the S1 barrel field. The structure and morphology of the hippocampus was intact in Cntn5 ¡/¡ mice. A set of behavioral experiments including social, exploratory and repetitive behaviors showed that these were unaffected in Cntn5 ¡/¡ mice. Taken together, these data demonstrate a selective role of Cntn5 in development of the cerebral cortex without overt behavioral phenotypes.
Introduction
Contactin-5 (CNTN5, also referred to as NB2) is a celladhesion molecule (CAM) , that belongs to the Contactin family of immunoglobulin (Ig)-CAMs. At least 3 members of the Contactin-family (CNTN4, ¡5, and ¡6) and 2 members of the Contactin associated protein-like family (CNTNAP2 and ¡4) have been implicated in ASD genetically through copy number variation analysis. [1] [2] [3] [4] [5] CNTN4, ¡5, and ¡6 share 40-60% of their amino acid sequence. As far as known, they have characteristic, and distinct expression patterns and appear to serve unique functions in the brain and its development. 6, 7 In addition to ASD, the CNTN5 gene has been associated with multiple neuropsychiatric traits, including attention-deficient hyperactivity disorder 8 anorexia nervosa 9 and substance abuse. 10 Additionally, genome wide association studies have indicated CNTN5 as genetic risk factor for Alzheimer disease. 11, 12 The biologic basis of these associations, however, remains unknown.
So far, phenotypes caused by deletion of Cntn5 have been studied in the auditory system on the guidance of the high expression of Cntn5 in auditory nuclei. [13] [14] [15] Cntn5 null mutant mice (Cntn5 ¡/¡ ) display an unorganized electrical activity pattern in the auditory system. Interestingly, ASD patients carrying CNTN5 mutations display an increased occurrence of hyperacusis. 4 It remains to be determined if in these patients additional behavioral symptoms arise from other brain systems, and whether Cntn5 ¡/¡ mice have phenotypes other than abnormal auditory functioning. Therefore, we aimed in this study to determine additional sites of Cntn5 transcript and protein expression in the forebrain and to examine structural and behavioral phenotypes in Cntn5 ¡/¡ mice. The data reveal a selective role of Cntn5 in development of the cortex without ASD-related behavioral deficits.
Methods and materials

Animals
The Cntn5 knockout mouse line, a generous gift of K. Watanabe and Y. Shimoda, was bred on a C57Bl/6J background in the Brain Center Rudolf Magnus, UMC Utrecht, the Netherlands. In the mutant Cntn5 was disrupted by an insertion of a Tau-LacZ-Neo cassette in intron 2 of the gene. 13 All mice were group-housed in a Makrolon type III cage (425 £ 266 £ 185 mm) and received food and water ad libitum. For brain analysis, adult and P7 mice were either intraperitoneally injected with pentobarbital (20 mg/ kg; Euthanimal, Alfasan), followed by transcardial perfusion or the brains were directly dissected and snap frozen. Behavioral tests were performed with Cntn5 ¡/¡ and Cntn5 C/C male littermates at 3 months of age. For habituation, they were kept in a reversed light-dark cycle 2 weeks in advance of the experiments. Experiments were performed blinded, even as manual scoring. All experimental procedures were in accordance with the Dutch law (Wet op dierproeven, 1996) and European regulations (Guideline 2010/63/EU).
Antibody generation
An antibody against Cntn5 was raised in rabbits against purified protein spanning fibronectin-III domains 1 to 3 ( 7 , a kind gift of Dr. S. Bouyain). The antiserum was produced by Harlan (Oxford, United Kingdom). This resulted in 2 antisera, from which Cntn5 H4543 was most promising. Consequently, this antiserum was tested and validated.
Immunocytochemistry
HEK293 cells were cultured and transfected with pcDNA3.1-HA-Cntn5 or pcDNA3.1-HA-Cntn6, using polyethylenimine (PEI) as transfection agent. After 48h the cells were fixed with 4% PFA (15 min), washed with PBS and blocked with a blocking buffer (2.5% normal goat serum, 2.5% bovine serum albumin and 0.3% Triton-X). Rabbit anti-Cntn5 H4543 (1:1000) and rat anti-HA (1:500, Sigma-Aldrich) were used (overnight (O/N), 4 C) to detect the expressed proteins. Speciesspecific secondary antibodies conjugated to Alexa Fluor (1:2000, 2 h, room temperature (RT)) were used and nuclei were stained DAPI (4 0 ,6-diamidino-2-phenylindole; 1:10.000).
Immunoblotting
Brain lysate was prepared from Cntn5 C/C and Cntn5 ¡/¡ mice using a lysis buffer (20 mM Tris-HCl, 150 mM KCl, 1% Triton X-100, 1 mM PMSF and complete protease inhibitor cocktail (Sigma-Aldrich)). Tissue was homogenized by means of sonification and after centrifugation supernatant was collected and b-mercaptoethanol was added at a concentration of 5%. Samples were boiled at 90 C for 5 min. Proteins were separated in an 8% SDS-PAGE gel and transferred onto a nitrocellulose membrane (Amersham Hybond-C Extra). The membranes were blocked at RT for 1 h with 5% milk powder in Tris-buffered saline and tween (TBS-T) and incubated with primary antibody (rabbit anti-Cntn5 H4543, 1:1000) overnight at 4 C. Secondary antibody (goat antirabbit peroxidase) was applied at RT for 1 h. Blots were incubated with SuperSignal West Dura Extended Duration Substrate (Pierce) and exposed to an ECL film (Pierce).
Real-time PCR
mRNA was isolated from wild type mice at embryonic stage E12.5, E14.5, E16.4 and E18.5 and postnatal stages P7 and adulthood. One-step qPCR was performed using a Quantifast SYBR Green and RT PCR kit (Qiagen) and a LightCycler (Roche) according to the manufacturer's instructions. The primers were used as follows. GAPDH: Fw CATCAAGAAGGTGGT-GAAGC, Rv ACCACCCTGTTGCTGTAG. Cntn5: Fw CAGCAACGTGAGTGGAAGAA, Rv CCTCAAAGGG TGTGAGAGGA.
Immunohistochemistry
Sagittal and coronal sections (40 mm) were obtained from fixed P7 and adult brains. A standard protocol was followed for immunohistochemistry, including a blocking step (1 h; room temperature; 2.5% normal goat serum, 2.5% bovine serum albumin and 0.3% Triton-X in PBS). Sections were incubated with primary antibodies at 4 C O/N. Appropriate secondary antibodies conjugated to Alexa Fluor (1:1000, Invitrogen) were used at RT for 2 h. Primary antibodies were used as follows; rabbit-anti-Cntn5 H4543 (1:500), mouse anti-b-Galactosidase (1:2000, Promega Corp.); rabbit anti-Parvalbumin (1:250, Immunostar), rabbit anti-Synaptoporin (1:1000, Synaptic Systems), mouse anti-Calbindin (1:3000, Swant). Nuclei were visualized with DAPI (1:10.000).
In situ hybridization
Fresh frozen brains from P7 mice were cryosectioned coronally (16 mm) and postfixed with 4% PFA (10 min). In situ hybridization was performed according to standard procedures. Digoxigenin (DIG)-labeled RNA probes were used for Cntn5 mRNA or b-galactosidase mRNA. Sections were acetylated and prehybridized, before hybridization was performed with denatured DIG-labeled probe (Cntn5; 800 ng/ml, b-Gal; 1200 ng/ml). Anti-DIG labeled Fab fragments conjugated to alkaline phosphatase (AP) (Boehringer) and AP-labeled antibody, containing levamisole and NBT/BCIP (Roche) were used to detect and visualize the DIG-labeled probes Nissl staining and structural analysis Fresh frozen brains from adult Cntn5 C/C and Cntn5 ¡/¡ animals were cut into coronal sections of 16 mm. The sections were dehydrated in ethanol series, subjected to 0.5% cresyl violet for 10 minutes and dehydrated in ethanol again. Cortical thickness was measured in the primary motor cortex (M1; C0.5 mm to bregma), primary somatosensory cortex (S1; ¡1.70 mm to bregma) and primary visual cortex (V1; ¡2.80 mm to bregma). In addition, the upper (I-IV) and lower (V-V1) were measured separately. The surface size of the hippocampus was measured at ¡1.70 mm to bregma. Measurements were blindly performed by 2 researchers. ImageJ software (1.49 P) was used to measure the areas and IBM SPSS statistics 20 (2011) was used for statistical analysis (independent student's t-test).
Cytochrome C oxidase staining and barrel field analysis Both cortices were dissected from P7 brains, flattened between silicone-coated glass slides with a 1 mm separator and snap frozen on dry ice. The flattened cortices were cryosectioned at 16 mm thickness. Cytochrome c oxidase staining was performed by incubation with 0.25 mg/ml cytochrome c (Sigma-Aldrich), 40 mg/ml sucrose and 0.5 mg/ml DAB (Sigma-Aldrich) in 1x PBS at 37 C for 6 h. To stop the reaction the slices were washed with PBS.
The barrel field stained with a cytochrome c oxidase reaction in sections of Cntn5 C/C and Cntn5 ¡/¡ P7 littermates were quantified using ImageJ (1.49 P). Total surface of the posteromedial barrel sub-field (PMBSF) was measured. The surface of the individual barrels was measured, and the sum was subtracted from the total area to calculate the area of the septa. The ratio between surface of the barrels and surface of the septa was calculated and compared between Cntn5 C/C and Cntn5 ¡/¡ mice. All manual measurements were performed by 2 researchers (K.T.E.K., D.v.N.), who were blind for the genotype. Statistical analysis (independent student's t-test) was performed using IBM SPSS statistics 20 (2011).
Hippocampal formation analysis
Brain sections from Cntn5 C/C and Cntn5 ¡/¡ mice containing the hippocampus (¡1.70 mm to bregma) were stained using antibodies against synaptoporin and calbindin to visualize the mossy fibers and their synapses. Analyses were performed as described in Zuko et al., 2016 . 16 In brief, the length, area size and fiber density of the supra-and infrapyramidal bundles (SPB, IPB) were measured. Analyses were performed in 3 sections per hemisphere and at least 28 microscopic images were randomly selected for analyses.
Behavioral tests
Social discrimination
To investigate exploration behavior and memory in a social context, a social discrimination task was performed, as described in Molenhuis et al., 2014 . 17 In short, social exploration time was measured upon introduction of a novel intruder mouse. After being exposed to one intruder mouse during the initial exploration period, short-term (5 min) and long-term (24 hours) social memory was tested by introducing both a familiar and a novel mouse in the testing arena. Based on novelty induced exploration behavior, more interest in the novel mouse is expected. The ratio between time spent exploring the novel mouse compared with the familiar mouse was calculated to express social discrimination. A/J male mice (»P90) were used as social intruders and shifted to the reversed light-dark cycle at least one hour before testing. Due to aggressive behavior, 4 Cntn5 C/C mice were excluded from the study at time point T0, 2 Cntn5 ¡/¡ mice at T5 and one Cntn5 ¡/¡ mouse at T24. Intervention and exclusion was necessary to prevent harm to the A/J mice and disruption of the interpretation of the social discrimination task.
Object recognition
To examine the exploration behavior and memory for non-social stimuli, an object recognition test was performed, as described in Molenhuis et al., 2014. 17 In brief, object exploration time was measured upon introduction of 2 similar objects. After being exposed to one type of object during the initial exploration period, short-term (1 hour; T1) and long-term (24 hours; T24) memory for objects was tested by introducing both familiar and novel objects in the testing arena. Based on novelty induced exploration behavior, more interest in the novel object is expected. The ratio between time spent exploring the novel object compared with the familiar objects was calculated to express object recognition.
Open field
The open field experiment was performed as described in Molenhuis et al., 2014 . 17 In addition to total distance moved, as a measure of novelty-induced activity, the amount of time spent in the inner, middle and outer zone was compared as a parameter for anxiety. Ethovision software (Noldus Information Technology) was used to record and measure the parameters.
Food burying
To confirm the capability to smell, a food burying test was performed. Mice were food deprived for 24 hours before the experiment. One piece of chow was randomly hidden in one of the 4 corners of a Makrolon type IV cage (595 £ 380 £ 200 mm), just below the upper layer of sawdust. Latency to find the food was measured.
Grooming behavior
To investigate the occurrence of (stress induced) restrictive and repetitive behavior in these mice, Cntn5
C/¡ and Cntn5 ¡/¡ were placed in a clean Makrolon type III cage (425 £ 266 £ 185 mm). Their behavior was recorded at baseline for 5min. To examine a potential difference in reaction to stress, presented as either a social intruder (age-matched A/J male), a novel object (green piece of Duplo) or nothing, one of these conditions was introduced for 2 minutes. After removal, 5 minutes were recorded for manual scoring of grooming behavior. To increase the efficacy, the mice were subjected to all 3 conditions in a randomized manner, with a period of a week in between. Statistical analysis of the data showed that the order of conditions did not influence the data.
Scoring
All experiments (except for the open field test) were recorded and manually scored using The Observer XT 4.0 software (Noldus Information Technology) afterwards. The experimenter was blinded for the genotypes. To rule out potential bias, a second experimenter scored a random sample of the videos to calculate the intraclass correlation coefficient.
Statistical analyses
For statistical analyses, IBM SPSS statistics 20 (2011) was used to perform separate one-way ANOVA analyses for each behavioral study. Outlier were determined using the outlier labeling rule (g D 2.2), which resulted in the removal of 5 data points from different conditions in the grooming experiment. Significance level was set on p<0.05. Intra-rater reliability was analyzed using the intraclass correlation coefficient (ICC D (MSB/MSW)/ (MSBC(R-1)MSW), in which MSB is mean square between, MSW is mean square within and R is the number of scorers) in SPSS and found to be 0.99 and therefore acceptable.
Results
Expression pattern of Cntn5 protein
To characterize the expression pattern of Cntn5, an antibody against the fibronectin-III domains of Cntn5 (H4543) was generated in rabbits. The specificity was validated in 3 ways: immunocytochemistry, -histochemistry and -blotting (Fig. 1) . HEK293 cells transfected with a Cntn5-HA expression plasmid were recognized by the newly generated antibody, whereas native cells and cells transfected with Cntn6-HA expression plasmid were not (Fig. 1A) . Both proteins were expressed as demonstrated by an antibody against HA.
For further in vivo analyses we first determined the temporal peak of Cntn5 expression Determination of temporal expression of Cntn5 by qPCR indicated that levels of Cntn5 peaked around birth (Fig. 1B) . Postnatal day (P) 7 was taken in further studies.
Brain lysates from P7 Cntn5 C/C and Cntn5 ¡/¡ mice were used for immunoblotting. In the Cntn5 C/C sample a band just above 130kDa was detected, while this band was absent in the Cntn5 ¡/¡ sample (Fig. 1C) . Immunohistochemistry using H4543 showed staining in the inferior colliculus (IC), superior olivary complex (SOC) and the dorsal thalamus of P7 wild type mice. This is in agreement with earlier reports. 13, 18 This staining was absent in Cntn5 ¡/¡ mice at age P7 ( Fig. 1F-H ). These data show that Cntn5 antibody H4543 is suitable to use in a spatial expression analysis.
This antibody was used for elaborate expression analysis of Cntn5, comparing Cntn5 mRNA and protein localization (Tables 1 and 2 ). The expression analysis showed a limited number of systems with relatively high expression of Cntn5 and a broad expression of Cntn5 at low levels. Cntn5 mRNA and protein were present in the auditory nuclei and dorsal thalamus, in which Cntn5 expression has been described before (Fig. 1 , Table 1 ; 13, 18 ). Sites of notably strong and specific expression included the hippocampus, cerebral cortex and mammillary nucleus (MN) (Fig. 2) . In the hippocampus Cntn5 mRNA was specifically localized in the granular layer of the dentate gyrus (DG) and the pyramidal layers of the CA1 region. In agreement with this site of expression, Cntn5 protein was found in the molecular layers containing the dendrites of these cells ( Fig. 2A-B ; Table 1 ). In the cerebral cortex, Cntn5 mRNA was detected in layer IV, where patches of increased density suggested localization in the barrels of the S1. The protein was found to be located in the lower part of layer IV and layer Va, seemingly localized in the septa between the barrels of S1 ( Fig. 2C-F ; Table 1 ). Strong expression of Cntn5 mRNA and protein was also found in the MN.
Notably, Cntn5 protein was localized in the mammillothalamic tract (mt) ( Fig. 2G-H; Tables 1 and 2) , which connects the MN to the anterior thalamic nuclei. 19 Anatomical and structural phenotypes in Cntn5 ¡/¡ mice
The expression of Cntn5 in the cerebral cortex and hippocampus lead us to examine the organization of these regions in Cntn5 ¡/¡ animals in comparison to wild-type littermates.
Structural abnormalities in S1 of Cntn5 ¡/¡ mice Morphometry of the cerebral cortex of adult male littermates revealed a reduction in the thickness of the primary somatosensory cortex (S1) in the Cntn5 ¡/¡ animals ( Fig. 3A-C) This thinning was not observed in the primary motor (M1) and primary visual cortex (V1) (Fig. 3C ). The significant reduction in the S1 was particularly due to a significant decrease in thickness of layers IV-VI (Fig. 3C) .
In S1, Cntn5 mRNA showed patches of increased density, suggesting localization to the barrels of layer IV of the S1 (Fig. 2F) , whereas the Cntn5 protein seemed to be localized in the septa between the barrels (Fig. 2D,E) . The septal localization of Cntn5 suggested the possibility of synaptic expression originating from Cntn5-positive afferent neurons in the posterior nuclear group of the thalamus (Po) ( Table 1) . To compare the localization of cortical Cntn5-expressing cells between null mutants and wild-type mice, we performed in situ hybridization in adult Cntn5 C/C and Cntn5 ¡/¡ mice. Advantage was taken of the Tau-LacZ-Neo cassette incorporated in the Cntn5-gene in the Cntn5 ¡/¡ animals, to localize Cntn5-expressing cells by presence of b-galactosidase mRNA. 18 An apparent difference was observed. In Cntn5 C/C animals, Cntn5 mRNA was detected in layer IV of the S1 ( Fig. 3D, D' ), whereas in Cntn5 ¡/¡ mice b-galactosidase mRNA was detected in layer V of the S1 (Fig. 3E, E' ). Since b-galactosidase was expressed instead of Cntn5 in Cntn5 ¡/¡ mice, it shows that Cntn5-ablated cells were misplaced. The ectopic Cntn5 ¡/¡ cells found in the lower layers of the S1, may suggest that in the absence of Cntn5 neuronal migration is affected. Analysis of expression of Cntn5 in cortical cell-types using the cell taxonomy tool offered by the Allen institute (http://casestudies.brain-map.org; 20 ), showed that Cntn5 was expressed in pyramidal neurons, and in neuron-derived neurotrophic factor-positive and parvalbumin-expressing interneurons. To determine whether both pyramidal neurons and interneurons were affected by Cntn5-deletion, co-staining for b-galactosidase and parvalbumin was performed on Cntn5 ¡/¡ brains. Both parvalbumin-positive interneurons (Fig. 3F ) and parvalbumin-negative cells (Fig. 3G) were found among the Cntn5-ablated cells in layer V.
Changes in the barrel field of Cntn5
¡/¡ mice Cntn5 is expressed in the rostral and medial parts of the thalamic Po (Table 1) which innervate the septa of the PMBSF. 19 The expression of Cntn5 in the thalamocortical system, in particular the expression in the Po, as well as the cortical layer-specific expression lead us to examine the organization of the PMBSF in Cntn5 ¡/¡ mice. Cytochrome C oxidase staining in P7 littermates showed Table 2 . Cntn5 protein localization in fiber tracts in the mouse brain.
Fiber tract Cntn5
Internal 
Inferior colliculus CC CC -Lacunosum moleculare Pons -Pyramidal layer SOC CC CC -Stratum lucidum C Ventral nucleus of lateral lemniscus C -Dentate gyrus Cerebellum -Molecular layer C Purkinje cell layer C C -Granular layer C no significant difference in the pattern and total surface of the PMBSF (data not shown). However, the ratio between barrel surface and septa was significantly larger in the Cntn5 ¡/¡ mice ( Fig. 3H-J ; n D 4, 4, p D 0.001), indicating that the organization of the PMBSF was affected by Cntn5 deficiency.
Absence of abnormalities in hippocampal formation of Cntn5
¡/¡ mice Next, we analyzed the hippocampus in view of Cntn5 expression in CA1, CA2 and the DG (Table 1) . Nissle staining in the hippocampus of adult male littermates (Fig. 4A , E) allowed measurements of the surface area of the hippocampal formation. No significant difference was found in hippocampal size (Fig. 4I) . It is known that several CAMs affect the integrity and fasciculation of the IPB and SPB, including close homolog of L1 (Chl1), a relative of contactins. 21, 22 General parameters of the IPB and SPB were measured using established markers. Synaptoporin (Spo) is robustly expressed as a presynaptic marker of the IPB and SPB. Calbindin (Calb) was used as second marker and visualizes cell bodies in the DG granule cells and axons. No difference in length (Fig. 4J) and area (Fig. 4K ) of the IPB, SPB, or in the ratio of length and area between the bundles (data not shown) was found. Only few mossy fibers of the IPB crossed the stratum pyramidale (SP) before the IPB is terminated. Quantification of the fibers crossing the SP revealed no differences between Cntn5 C/C and Cntn5 ¡/¡ animals ( Fig. 4L ). The data demonstrate that these aspects of the hippocampal formation are not affected in Cntn5 mutant mice.
Behavioral analyses of Cntn5 ¡/¡ mice
To gain insight into the function of Cntn5 and a potential effect of a mutated variant on behavior, a set of behavioral paradigms was selected that provided relevant read-outs with regard to both the sites of expression as the association with neurodevelopmental disorders. These paradigms included social exploration and interaction, object and environmental exploration, anxiety, odor detection and memory.
Social exploration and recognition
To test social behavior, a social exploration and recognition task was performed. To examine social exploration behavior, an age-matched A/J male mouse was introduced to Cntn5 C/C and Cntn5 ¡/¡ mice for 2 minutes. The time for exploration of the novel mouse did not significantly differ between Cntn5 C/C (n D 12) and Figure 2 . Additional areas of characteristic Cntn5 expression. Besides well described areas of expression, such as nuclei in the auditory pathway and the dorsal thalamus, A,B) Cntn5 protein and mRNA is present in the DG and CA1. In the cerebral cortex, C-F) Cntn5 expression is restricted to layer IV-V, where the protein seems to most prominently localize in the septa between the barrels and the mRNA localizes to the barrels. G,H). Clear and strong expression of Cntn5 is observed in the MN and mt. Scalebars; 200mm. Thal; thalamus, CA1; field CA1 of the hippocampus, DG; dentate gyrus, MN; mammilary nucleus, mt; mammilothalamic tract.
Cntn5
¡/¡ (n D 12) mice (Fig. 5A) , suggesting similar interest in novel social encounters. With a comparable baseline level of exploration time the genotypes could be compared on their short-term (5 minutes) and longterm (24 hours) memory for social interaction. Both genotypes showed preference for exploring the novel mouse after 5 minutes (WT n D 12, KO n D 10) (Fig. 5B) , with no significant difference in performance. After 24 hours the mice spent slightly more time exploring the novel mouse. This did not differ between genotypes (WT n D 12, KO n D 9) (Fig. 5B) .
Object exploration and recognition
To investigate whether novelty seeking behavior was affected, one of 3 types of inanimate objects (a glass, a plastic or a metal bottle) was placed in the cage of Cntn5 C/C and Cntn5 ¡/¡ mice. Exploration time did not significantly differ between Cntn5 C/C (n D 16) and Cntn5 ¡/¡ (n D 12) mice (Fig. 5C ). To test whether Cntn5 deficiency influences learning and recognition memory processes, a novel object recognition test was performed. Both Cntn5 C/C (n D 15) and Cntn5 ¡/¡ (n D 12) animals were capable of recognizing the familiar object after a short period (1 hour) and a prolonged period (24 hours). They did not perform significantly different (Fig. 5D ).
Environmental exploration, anxiety and odor detection To test environmental exploration levels, anxiety and odor detection in the mice, and to simultaneously confirm the general health parameters of locomotion and smell, 2 tests were selected. As a measure of environmental exploration, movement patterns and distance traveled in a round open field arena were analyzed. No difference between the genotypes (WT n D 16, KO n D 12) was detected (Fig. 5E ). Cntn5 C/C and Cntn5 ¡/¡ mice spent most time in the outer and least time in the inner zone, without significant difference between the genotypes. This result suggested that both Cntn5 genotypes had similar anxiety levels (Fig. 5F ). Although Cntn5 ¡/¡ (KO; n D 12) took slightly longer to find the food buried in a corner, their performance did not significantly differ with Cntn5 C/C (WT; n D 15) mice (p D 0.254).
Grooming behavior
As a measure for repetitive and restrictive behavior, we analyzed novelty-induced grooming behavior in the Cntn5 ¡/¡ mice and their Cntn5 C/¡ and Cntn5 C/C littermates. During the first 5 minutes in a clean cage (baseline), Cntn5 C/C (n D 10), Cntn5 C/¡ (n D 13) and Cntn5 ¡/¡ (n D 17) spent similar time grooming (Fig. 5G) . To measure grooming behavior as a reaction to different stressful situations, a novel social intruder, an object or nothing was introduced for 2 minutes. The genotypes responded similarly to any of the conditions, though the time spent on grooming tended to increase after intrusion, in all 3 conditions compared with baseline. However, significance levels were not reached (Fig. 5H) . No effect on frequency and therefore bout duration was detected (data not shown).
Discussion
In genetic studies, CNTN5 has been associated with neurodevelopmental disorders, in particular with ASD. However, understanding of functions of CNTN5 in the development of the brain is to this date very limited. To this purpose, we have investigated the consequences of Cntn5 deficiency in mice on brain morphology and behavior related to ASD in mice with focus on the forebrain.
We first determined the expression pattern of Cntn5 in the mouse brain. Our data show that Cntn5 mRNA is present at high level around birth and remained high in the first postnatal week (Fig. 1B) , confirming previous findings. This temporal course coincides with the highly dynamic phase of maturation of brain circuits involving neuronal wiring, synaptogenesis and pruning. 13, 18, 23 The detailed spatial expression pattern presented here (Tables 1 and 2 ) demonstrate that high Cntn5 expression is restricted and confined to specific brain systems. Similar restricted expression exists for Cntn4 and Cntn6, the most related contactins. 16, 24 Notably, neurons expressing these genes are sometimes in in close proximity to Cntn5 expression, for instance in the cortex and thalamus, but are barely overlapping. This suggests non-redundancy in brain functioning.
In addition to the function of Cntn5 in auditory nuclei of the brain, 13 the current study indicates a multifold role of Cntn5 in the development of the cortex, in particular the S1 region. The expression of Cntn5 in subsets of pyramidal neurons and in thalamic nuclei innervating the S1 constitutes a complex organization. Clear phenotypes in absence of Cntn5 were detected in the S1. Cortical thickness was significantly reduced, Cntn5-ablated cells were misplaced and the PMBSF was affected (Fig. 3) . How and whether these phenotypes are related and stem from the same cause remains undetermined due to the complex integration of Cntn5-expressing systems in the cortex.
One hypothesis may involve immature synaptic connections between cortically expressed Cntn5 and Cntn5-positive presynaptic afferents from the thalamus. The PMBSF represents the 5 major rows of mysticial vibrissae and is innervated by projections from the thalamus. Previous studies have shown that Cntn5-deficiency leads to a disorganized activity pattern in the IC. Narrow frequency selective bands were developed in the IC in an activity-dependent manner. 13 Further studies revealed that disruption of Cntn5 leads to immature synaptic-terminals in the auditory regions of the brain. As a consequence of the failure to mature, the cells went into programmed cell death, leading to significantly increased apoptosis and a decrease in cell number.
14 In Cntn6-deficient mice an abnormal distribution of neurons in the cerebral cortex was described and interpreted to be due to an increase in apoptosis. 16 A failure to mature the presynaptic-terminals coming from Cntn5-positive thalamic nuclei, such as the Po, and therewith a failure to connect to cortical neurons may explain the reduction in cortical thickness and increased barrel/septa ratio of the PMBSF. The migration deficit observed in the S1 of Cntn5-deficient mice would in this hypothesis stand on its own.
Alternatively, the PMBSF may be affected by the evident misplacement of Cntn5-ablated cells in the S1 (Fig. 3D-E) . The paralemniscal pathway, in which neurons from rostral and medial Po innervate the septal columns of the PMBSF, is dependent on the state of the corresponding cortex. 25 As a consequence of the misplacement of the Cntn5-ablated neurons, innervation, and therewith the proportions, of the septal columns may be influenced.
Interestingly, cortical thinning was only detected in the S1, while the Cntn5-positive M1 and V1 were unaffected in absence of Cntn5. This has been observed with regard to other CAMs as well. In Cntn6-deficient mice disturbed neuronal distribution in V1 was described. 16 Though the current data are not sufficient to explain the restricted effect on the S1, we hypothesize that projections from the Cntn5-deficient thalamic nuclei may be responsible. The V1 receives input from the thalamic geniculate nuclei. Expression of Cntn5 in these nuclei was less apparent. Projections from the Po and VL both reach the S1 and M1, however, it may be hypothesized that only the cells projecting to the S1 are Cntn5 positive. 19 This may explain the restricted effect on the S1 in Cntn5-deficient mice.
Several IgCAMs have shown to be involved in the development of the dentate gyrus (DG) of the hippocampus. Analysis of the SPB and IPB have shown that deletion of ChL1, 21, 22 NCAM 26 and Cntn6, 16 for instance, affect the distribution of the mossy fibers of the hippocampus, likely due to impairing fasciculation. Cntn5 was shown to be expressed in the CA1, CA2 and DG ( Fig. 2A-B , Table 1 ). The structural analysis of the hippocampus did not indicate any abnormalities in the Cntn5 ¡/¡ mice (Fig. 4) , showing that Cntn5 does not have an essential function in this axonal bundle.
With regard to the association with ASD and the regions with strong expression, an effect of Cntn5-deficieny on behavior needed to be determined. To date there are no studies that describe the behavior of Cntn5-deficient mice. 7 We selected a set of relevant behavioral paradigms to model quantifiable behavioral phenotypes, such as a social exploration and grooming behavior, related to ASD domains, respectively social interaction and repetitive behavior. Furthermore, we focused on behavioral paradigms which were prone to express abnormalities on the basis of the observed expression pattern of Cntn5 (Table 1) . Impaired social exploration and interaction are included in the diagnostic criteria for ASD, but no indication for an abnormality in Cntn5-deficient mice was found (Fig. 5A) . Other novelty seeking behavior, such as object and environmental exploration levels have been reported to be reduced in individuals with ASD, 27, 28 and in mouse models of ASD. 29 No such impairment was found in Cntn5-mutated mice (Fig. 5C, E) . One of the key characteristics of ASD is repetitive and restrictive behavior, which may be represented by grooming behavior in rodents. 30 Cntn5-deficient animals did not show aberrant grooming behavior (Fig. 5G-H) . Other behavioral parameters, were selected based upon strong sites of expression or for the relation to ASD. For example, the social and object recognition was chosen because of Cntn5 expression in the hippocampal formation and perirhinal cortex ( Fig. 2A, B , Table 1,   31 ), and anxiety and odor detection were chosen for their relation to ASD. 32 However, none of these were indicated to be altered by Cntn5-deficiency (Fig. 5) . No aberrations were detected with the current selection of behavioral tests.
The normal behavior of Cntn5-deficient animals may suggest that a genetic compensatory mechanism might be at play, reducing the effect of the mutation. Secondly, by selecting a set of behavioral experiments, other behavioral paradigms were excluded. Deficiency of ASD-risk gene Cntn4 in mice was found to cause no aberrations in autism-like behavior, but did affect sensory behavior and cognitive performance. 33 Elaboration of the set of behavioral experiments and including a set of experiments during the development, may bring a subtle behavioral phenotype to view. These data suggests that disruption of Cntn5 has no or limited influence on social, explorative and repetitive behavior in our mouse model.
The current study provides an expression map of Cntn5 in P7 mice. The morphological phenotype found in the S1 and PMBSF, may be caused by synaptic or migratory defects. Though the very specific expression pattern of Cntn5 suggests functional non-redundancy and deletion results in a clear structural phenotype in the S1, no consequential behavioral phenotype was detected. 
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